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In recent years, magnetic tunnel junctions (MTJ) with crystalline MgO tunnel barrier and amorphous CoFeB electrodes received much attention. Due to their high tunneling magnetoresistance (TMR) ratio at room temperature they are a promising candidate for magnetic random access memory or as sensor elements for harddrive read heads [1] . For industrial applications, the use of amorphous ferromagnetic electrodes in MTJ is favorable due to their better growth flexibility compared to crystalline electrodes. After annealing at temperatures up to 600
• C high TMR was achieved [2] [3] [4] . This effect is related to partial crystallization of the CoFeB into a bcc crystal structure using the MgO as a template [5] . The resulting enhanced conduction through the MTJ can be understood in terms of coherent tunneling process through MgO ∆ 1 -band [6, 7] .
The (partial) crystallization of a-CoFeB is intimately connected to boron out-diffusion [8] . Hence, the ability of layers adjacent to a-CoFeB to act as sinks or diffusion barriers for boron is crucial to achieve high TMR during annealing in a controlled way. Besides the MgO barrier sandwiched between the a-CoFeB electrodes, cap layers of the MTJ stack influence boron diffusion and crystallization of the ferromagnetic electrode [8] .
Furthermore, the MgO deposition method seems to have a big influence on the segregation of boron at the MgO / CoFe interface. Earlier studies showed a significant amount of B and BO x at the interface of radio frequency (rf) (magnetron)sputtered [8] [9] [10] barriers, but not in electron beam (eb) evaporated MgO barriers [11, 12] . Due to the high affinity of boron to oxygen [11] , the formation of BO x at the interface is believed to be caused by the incorporation of excess oxygen from the ambient vacuum during rf-sputtering [8] .
In this study, the effect of the most promising cap layer materials [8] , Ta and Ru, on boron redistribution was studied by electron energy loss spectroscopy (EELS). The related crystallization process of a-CoFeB grown on high quality eb-evaporated MgO was examined by high-resolution transmission electron microscopy (HRTEM). Furthermore, the influence of the MgO deposition method used on boron redistribution was studied on two functional MTJ. It turned out that Ta cap layer acts as a sink for boron and do not as a template for a-CoFeB crystallization. In addition, our results provide evidence that unlike rf-sputtered MgO tunnel barriers, eb-evaporated MgO barriers do not contain boron after post-growth annealing.
In order to study the effect of capping layer materials, a model system consisting of a MgO substrate covered by an eb-deposited MgO (thickness: 5 nm) buffer layer, Co 20 Fe 60 B 20 (5 nm or 100 nm) and a cap layer was grown under UHV conditions at a base pressure of 3· 10 −10 mbar. A 10 nm Ru layer or a 10 nm Ta + 3 nm Ru layer, respectively, act as the cap layer. The role of the Ru on top of the Ta layer is merely to prevent the layer stack from oxidation so that this assembly will subsequently be referred to as "Ta cap layer". Both cap layers were grown on a 5 nm and 100 nm CoFeB layer and annealed at 450
• C for one hour. The effect of the MgO barrier deposition method was investigated by preparing two functional MTJ with slightly different layer stacks. The MTJ with an eb-evaporated MgO tunnel barrier used in this study was grown on a SiO 2 wafer with a layer stack of Ta(5) / CoFeB(2.5) / MgO(2.3) / CoFeB(5.4) / Ta(5) / Ru(3) (thickness in nm) and was annealed at 375
• C for one hour. The rf-sputtered MTJ was also grown on a SiO 2 wafer, but in contrast to the previous sample with a slightly different layer stack of Ta (5) Cross-section TEM lamella preparation was done using a FEI Nova NanoLab 600 Focused Ion Beam with a final polishing step under 5 kV. Subsequent Ar ion milling in a Gatan Precision Ion Polishing System at a voltage of 500V was used to minimize beam damage. TEM observations and EELS studies were carried out using an imaging aberration corrected FEI Titan 80-300 ETEM G2 operated at 300kV, equipped with a monochromator and a Gatan imaging filter Quantum ER965. EELS spectra were taken in scanning TEM (STEM) mode with a probe size of 1.5 A, a convergence semiangle of ∼ 9.5 mrad and a spectrometer dispersion of 0.25 eV/channel resulting in an energy resolution of 1.5 eV. To minimize radiation damage, EELS spectra were acquired and integrated over multiple points parallel to the MgO/CoFe interface. Fig. 1a and b compare crystallization of 100nm thick a-CoFeB layers for Ru and Ta cap layers, respectively. Crystalline CoFe layers epitaxially grown on MgO are observed in both cases with a thickness of 13nm (Ru) and 25nm (Ta) proving faster crystallization in the latter case. Furthermore, polycrystalline CoFe has grown beneath the Ru cap (see arrow in Fig. 1a) implying the polycrystalline hcp Ru acting as a template for CoFeB crystallization in contrast to the nanocrystalline Ta.
Similarly, a-CoFeB crystallized into bcc CoFe at the interface to the MgO in samples with 5nm CoFeB layers (Fig.  2) . A thin a-CoFeB layer is left in case of the Ru cap (Fig. 2a and c) whereas full crystallization is observed in case of the Ta cap ( Fig. 2b and d) which again shows the faster crystallization in the latter case. It should be noted that according to the results obtained for the thick layer samples full crystallization is expected irrespective of the cap layer material which will be discussed below in terms of results on boron redistribution. 
. This behavior is reproducible for all samples. For the Ru cap, virtually all boron is localized in the amorphous interlayer which appears as a slightly darker layer in the HAADF signal. In particular, no significant boron signal is obtained inside the Ru cap itself. For the Ta cap layer sample, boron is exclusively obtained in the Ta layer indicating complete out-diffusion from the CoFeB during crystallization. Its signal steeply decreases with increasing distance to the Ta/CoFe interface. Hence, we might conclude that the brighter appearance of the Ta close to the CoFe (see Fig. 2b and d) is related to its boron content. It should be noted that no boron is found in any crystallized CoFe, at the CoFe/MgO interface, at the Ru cap interface of the thick CoFeB sample, and, in particular, in the e-beam deposited MgO buffer layers. In conclusion, the above results provide evidence that Ru layers act as a boron diffusion barrier which reduces the crystallization velocity of adjacent a-CoFeB layers. This effect is more severe for thin a-CoFeB layers indicating that the crystallization velocity is limited by the increase of boron concentration in the remaining a-CoFeB rather than boron segregation at the interface between crystalline CoFe and a-CoFeB.
Besides the choice of cap layer material, the preparation method of the MgO barrier is an important issue when functional MTJ are considered. We prepared TEM lamellas from MTJ stacks containing eb-evaporated and rfsputtered and post-annealed MgO barriers as described in detail above. Fig. 4 shows homogeneous and crystalline MgO layers with crystallized CoFeB electrodes and sharp interfaces for both techniques. As in the Ru cap layer sample of the model system (Fig. 2a) , a small amorphous region with slightly brighter contrast is visible between top CoFe and the Ta cap layer of the eb-deposited sample (Fig 4a) . This brighter contrast is also visible at the interface between the lower CoFe and the Ru layer of the rf-sputtered sample.
Results of EELS investigations of the MTJs are summarized in Fig. 5 . For the eb-deposited MgO barrier (Fig. 5a) , results obtained from the model systems are confirmed: Boron is located in the interface region between the CoFe and the top Ta cap layer (see arrow) and not at the interface to the MgO again corroborating Ta to serve as a sink for boron. In contrast, boron signals are still detectable in both electrodes as well as in the MgO barrier in case of rf-sputter deposition (Fig. 5b ). This indicates a higher density of those defects in MgO serving as diffusion vehicle for boron.
Further insight into the effect of deposition technique on the boron and oxygen environment can be obtained from the (ELNES) fine structures at the B-K and O-K edges (Fig. 6) . Boron signals obtained in the CoFe as well as in the Ru and Ta cap layers indicate metallic bonding whereas the significant π * peak at 193 eV is characteristic for B in a [BO 3 ] 3− -like coordination with oxygen [13] (Fig. 6a) . Figure 6b shows the O-K edge of the MgO barrier of both MTJ samples. Sharper features in the O-K edge are observed from the e-beam deposited MTJ sample. Following [12, 14] indicating a less defective environment in the latter case since ELNES is rather sensitive to local variation of the atomic structure. In addition, a pre-peak between 530 and 535 eV was observed in the O-K EELS signal of the rf-sputtered MTJ sample similar to that reported by Cha et al. [12] . On the basis of first-principle calculations [15] those gap states have been related to band tailing of the conduction band of the MgO layer as a result of oxygen vacancies. These calculations also show that oxygen vacancies can significantly reduce the TMR from more than 1800% for ideal systems to less than 800%. In our case, TMR values of about 200% have been measured for the e-beam deposited and rf-sputtered devices indicating that neither the enhanced boron concentration in the rf-sputtered MgO nor the observed gap states observed in the O-K-ELNES are limiting spin polarized transport. This might be related to the fact that, similar to results in [16] , our EELS data are consistent with a uniform boron distribution in the MgO rather than accumulation at the barrier-electrode interfaces which is known to be detrimental for TMR [6] . These observations emphasize the crucial role of interfacial ordering for spin polarized transport and the importance of controlling segregation phenomena at CoFeB/MgO interfaces.
In summary, the present study shows that Ta cap layers serve as a sink for boron and do not interfere with the crystallization of amorphous CoFeB into crystalline CoFe which is intimately related to boron outdiffusion. Ru cap layers, however, act as boron diffusion barriers thus reducing the crystallization of CoFeB. In addition, polycrystalline Ru may act as a template for CoFeB crystallization which may lead to polycrystalline CoFe formation which we observed for thick CoFeB layers. Additionally, e-beam deposited MgO barriers are free from any B or BO x contamination, in contrast to rf-sputtered MgO barriers which show a strong EELS signal typical for the [BO 3 ]
3− -environment after annealing in addition to gap states related to a pre-peak in the O-K-ELNES. Neither the boron content nor the gap states in rf-sputtered MgO affect spin polarized transport which is characterized by a TMR ratio of about 200% for rf-sputtered and e-beam deposited MgO. the O-K edge shows two important features, i.e. sharper features in e-beam deposited MgO and a pre-peak structure (arrow) between 530 and 535 eV in the sputtered MgO indicating gap states [15] .
